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Definition of Metamaterials 


Usual Material: 

arrangement of atoms/molecules 
with properties 

due to the atomic/molecular scale 





EXTRA properties 


Metamaterial (MTM): (ueta: beyond) 


arrangement of scatterers 
with engineerable extra properties 


due to a higher structural scale 





negative index MTM 


Conventional Metamaterias: A. Ishimaru, Electromagnetic Wave Propagation, 
Radiation, and Scattering, 2" ed., Wiley-IEEE Press, 2017, Chap. 21. 


Electromagnetic Response of Usual Materials 


J. D. Jackson, Classical Electrodynamics, 3 ed., Wiley, 1998. 
J. Schwinger, L. L. Deraad, K. Milton, W.-Y. Tsai, and J. Norton, Classical Electrodynamics. Westview Press, 1998. 
*A. Ishimaru, Electromagnetic Wave Propagation, Radiation, and Scattering, 2" ed., Wiley-IEEE Press, 2017. 


Newton Equation of Motion for Electron: 






, negligible 
dir O . 
nS -mwr — TT - QEjoc + qv X Bios , with Ej. =E-+ Epol 
dt dt ARAB 
Moute +A A 
Polarization Vector: P = Np = Nqr — E = —., Epo = ŻE W 
co(er — 1) 36 AM 
a, Go 2 
Time-Harmonic Field Excitation: —mw*r = —muwjr + iwmyr + q (E+ Epo) 


hore (ei), if (eTo Li Dj 


Ne? 
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Resolution for Permittivity: ce; (W) = 1 + ——— —7—— —— 
meo(wy — w? — iyw) 


: Lorentz dispersion 





N 2 
— wo ü wi u ins 
Chirality; Tin E| > W on 
B=KE+LH pp“ ik (rotation) 
€ 
Bianisotropy = =F = 
Linear Time-Invariant — (LTI) E = f $ | H — Pun -k]: Voxe 
(frequency-domain): Gou 








Space-Time in Human History & Physics 
SPACE-TIME PACE-TIME: model fusin g 3 s pace dims. & 1 time dim. into sin g le 4-dim continuum 


Religion 
Philosophy 


Literature 


Mathematics 


Physics 





d'Alembert Lagrange I Cliffort Lorentz Minkowski 


CL, Special Theory of Relativity: 


— c & same phys. V inert. frame 


Minkoswki 
Space A 
(3D space euse uour nz 


+1D time) > / 
y OBSERVER — DL śm 
T Š OS 
events & BÈF da kea. 
world lines / 


in 3+1D 
space 


| TIME 
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Towards Space-Time Modulated (STM) Metamaterials 





V) resp — H | WD 


CLASSIFICATION 


Modulation in 
DIRECT & INVERSE SPACE & TIME 








Temporal 
Frequency: w 


Spatial 
Frequency: k 





Do Not Confuse “Variance Time” and “Impulse Time” ! 


Time-Variant (TV) (Linear) Nondispersive Medium: 


nondispersive: € Z €(w) 5 € — e; TV: e— e(t) e.g. €atomsphere(t) 


Dispersive Linear Time-Invariant (LTI) Medium: 


dispersive: € = €(w) D(w) = E(w) - E(w) — €(w): transfer function 


E(w) E(w) D(w) D(t) = e(t) x E(t) — e(t): impulse response 


E.g. Lorentz dispersion: čr (w) 
Ne? 


12 2 


2 (4) =1 
Elw) T meoluj — w 


— iyw) 

= €'(w)+te" (w) l 
LIFT 

erki) 





Dispersive and IV Medium: 


“impulse time”: dispersion-IFT time 


€ = (w; t) — c(t; t) 


"varlance time": medium-variation time 





some Conventional — non-MTM — STM Systems 


Moving Media Acousto/Opto-mechanics 








Moving 


MATTER 





L L c / | 
Newton 1687, Lorentz 1892, Einstein 1905 Doppler 1842, Kippenberg 2008 
Acousto-optic Devices Traveling-Wave Tubes (both) 


RF in 


RV 







Moving 
PERTURBATION 


Cathode 





Electronbeam 


Electrongun Helix 





Brillouin 1922, Debye & Sears 1932 Haeff 1931, Kompfner € Pierce 1940ies 


IV. New Applications 


Motivation for STM Metamaterials 


Enabling Emerging Technologies 


> Micro-technologies (e.g. semiconductors & ICs) 






> Nano-technologies (e.g. CNTs, graphene, etc.) TWE 
> Bio-technologies (e.g. molectronics, optogenetics) =: = 


Vast Unexplored Research Field 


; a | TT 
> New 3+1D scattering effects e E | = € +38 
cz a” => E F x A 6 ae 
> New metamaterials m > © 7% 


New Physics 
> Exotic & unprecedented properties 


> E.g. superluminal focusing = focusing - inverse prism 


> Amplifiers, modulators, nonreciprocal devices, antennas, metasurfaces, etc. 


> ST ultrafast processors, quantum/bio-metamaterials, super-functional robots, etc. 
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O |. Background & Motivation 





O Il. Matter & Perturbation STM 


© Ill. Space, Time & ST Scattering 





VI. Applications 





Matter vs Perturbation STM — Rain “Medium” Analogy 


MATTER in Motion 





Implementation Examples 







MATTER-Motion STM System PERTURBATION-Motion STM System 
| control unit 
moving paa A DS T E pelo Du Sa | 
j l S6 Sr Sa 9» 9 1 
mirror | i 
| optical cavity WE dae dle le o le 
f f AL) L cAt | 
k CH, to + At | u l 
a e = = = = o pon SE ui um uh — —« 
incident B | 
=" zza dilation 
Wave | L 


structure 





en ote RZE 
rd te. an eh 
Kippenberg 
V no moving parts > easier to realize 
x challenging for MTMs 


v real artificial medium = MTM 
v fast (GHz — THz) — diabatic 


x slow (-100 kHz) - adiabatic 
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Matter and Perturbation STM Similarities 


|. Frequency Transformations 
Doppler Effect (Matter) Photonic Transitions (Perturbation) 


Electronics Photonics 


ENERGY (eV) 
a. O = N Qu » ao o 





-3 k, (2n/a) 


Doppler 1842, Einstein 1905 a —!— 
<= Perturbation (Ak<0) 


II. Nonreciprocity Ill. Relativity Tools 
| Lorentz Transforms 4 Minkowski Diagram 


wave 
AM io tt ms 
Caloz et al., <== perturbation moving 
“What is | ET frame 
Nonreciprocity ?" 
M Fan 2009 


Phys. Rev. Appl. 2018 . 





dit) FU) 
laboratory 
or frame 
S21 = 512 





Ke 0.7 0.8 0.9 
w(2nc/a) 


Matter and Perturbation STM Differences 








Matter STM Media Perturbation STM Media 
|. Fizeau Drag (e.g. Sagnac) Ill. Superluminality 


Fizeau 1851, Lorentz 1892, Einstein 1905 





ll. Bianisotropy Transformation 






vu =O: 

FF. D = cE 

EJ | bun 
| 

u= 0: 





F4 = qE + qv x noH 
U 








D = E + ¿H B| = 


Outline 





© III. Space, Time & ST Scattering 





Space, Time & Space-Time Modulations (here periodic) 


Space Modulation 





Bragg-diffraction gratings 


Time Modulation 





parametric amplifier switched plasma time crystal 


Space-time Modulation 


n = f(r,t) | 


ë 

Cm i light 

Y N 

k ES 4 = 

© ` ao A 

à “Se a < Ea 

o > 

n > 

ME | 





n elix 
t Collector 


traveling-wave tube acousto-optic modulator space-time crystal 17 





Trajectories of Waves in Space-Time (1+1D Minkowski) 


Pulse 


ct 





Harmonic Wave 


ct 





STM Media & Waves in STM Media 


STM Media Waves in STM Media 


ct 


S step S step 










A 





ni n = n(ż) space-1D (z)! 
ni + (No = n1)u(z = 20 ) not oblique 
wave!! 
ZO ZO 8 
ct CL 


Harmonic STM Harmonic STM 





Extended Minkowski Diagrams 





Conventional Minkowski Diagram Extension to STM-MTM 
(Light in Space) Met) (light in MTM) 
ct slope: E xe c/u«1 
T 
| 
> . slope = 1 (v — c) 
Wet LiGH7 CO NSURE LIGHT CG 7 
OBSERVER OBSERVER 
: > ¿ES „BE SÈ 
spAC KEN Mao, T,Y, 2 SPACE m: S L,Y, 2 
PAST LIGHT CONE PAST LIGHT CONE 
— A > p 
Minkowski 1908 
e Space-Time (ST) representation e Addition of medium & MTM scatterers 
e 3 (x,y,z) +1 (ct) dimensions ¢ Subluminal (S-like) & superluminal (T-like) 
e Special theory of relativity e Addition of scattering 
e Events & world lines e Generalized Lorentz transformation 


e Light cone restriction for matter motion e New physics & applications : 


Purely Space & Time Step-Discontinuity Modulations 


| 


ct “y I Wave Equation ct met) 
É - en) V iz, et) =0 
a ch 








CAUSALITY  v(z,ct) — n cl) CAUSALITY 




















1 62 a | 
01505 7 V (z, ct) = 0 
S o dum Y (ż,ct) = f (z) g (ct) 
LE) ge), 
n*(z) f(z) al) 
WE (z, ct) — 0 26 777712402 gFikoci jy = 1, YT Y (z, ct) — o ¿002 ¿FUko/m1,2)ct, o es 1, CE 
Yı (2, ct) — Ya (2, ct) wy (z, ct”) = We (z, ct ) 
O O O O 
5; 1 E ct) mE m 3, V2 (2, ct) a 9 (ct) Yı (2, ct) no = 9 (ct) we (2, ct) mE 





Morgenthaler, 1958 
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Detailed Derivations of Space & Time Fresnel Coefficients 
































SPACE (S) Discontinuity (E) TIME (T) Discontinuity (D) 
02 0° o? 0? 
ES | O (ct) n separation of variables: d | (ct) 
f" (2) g (ct) —n? f(z) 9" (ct)=0 (zic) = fate) F" (2) 9 (ct) — nf (2) 9" (ct) = 0 
LI IO a JAL (eb) _ şa 
n?f(z ge) - JG) g let) 
| l — pinikz p-rikct —inıkz , -ikct Wy (z, ct) — eee 
Ë tao Ë (met) = Çetkteile/melet 4 geikse-ilk/nake 
"n (0, ct) _ ab; (0, ct) ae 0) — „A 0) N £ Ç 
O O > YT Even Vi (2, ct) — a pi (2, ct) | 
3, V1 (z, ct) = = 3, V2 (2, ct) o O (ct) ct=0 O (ct) ct=0 
gre | - (C De 
Sika = >ik (C= E) 
ct t +£ =1 
— 3 
VA -E mon 
0 n Ç e = ni + na 
4 | o 2nı 
z IL) — Mo 
S z 2nı 22 





Space & Time Frequency Transitions = k & wm Transformations 


SPACE Discontinuity TIME Discontinuity 


z.cl) 2 04 5e? 2 00 
P1,2(2,t) = k122 F wot Yı,2 (2, ch) = Q1.2(2,t) = koz F w1 2t 





ki = ni,2ko, wi = w2 = wo = koc dove =%W__%w _ 1 ów w1,2 = koc/n1,2, ką = ką = ko 
PS Ok Ə(nko) nóko 
W 
R pd 
` : 7 
s 7 m i 7 T 





T 


Z 
k 
| —ki ky ko | 
@ matching Vt > Aw = 0 Ñ @ matching Vz > Ak = 0 
E ani 
L 
Physical ad absurdum argument: Physical ad absurdum argument: 
space space 
Aw £0 = Ap £0 (Az=0) discontinuity discontinuity Ak £0 => AA F 0 (At = 0) 
= Is, Ms Y => energy = 00 > CI! 
horizontal (k) horizontal (w) 
Transitions: Transitions: t 





Momentum Transformation Energy Transformation 
& Energy Conservation & Momentum Conservation t > t 





tet 


| / 
272 M. Salem and C. Caloz, arXiv:1504.02012. 23 


Space & Time Discontinuity Reversal & Compression 


Recall: Pulse Propagation n Space-Time 
C 





Z 


Space Discontinuity Time Discontinuity 
SPACE Reflection Reversal TIME “Reflection” Reversal 
& Transmission Compression & “Reflection-Transmission” Compression 
ct ct 


expansion (a < 1) 
p(—2) expansion (a < 1) 
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Space, Time & Space-Time Multiple Scattering 


SPACE Slab TIME Pulse 
E Au — 0 Scattering: ct Ak = 0 
L L L Change in 
Trajectory 


in 
Space-Time 








00 Waves 4 waves 
kı 


ct General ST Structure 
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Some Canonical STM Structures 


SPACE (S) TIME (T) SPACE-TIME (ST) 
ct 





SINGLE (STEP) 
DISCONTINUITY 


PERIODIC 
(STEP) 
MEDIUM 


EXOTIC 
ST 
STRUCTURES 





Smooth vs Abrupt STM Structures 


ABRUPT (STEP) 


ct  d=—teflvl)(ż — £) 


SINGLE 
DISCONTINUITY 


n(z,t) = nı + (na — m)u(z +vt — £) 





SMOOTH (GRADIENT) 


CL 


Z 


n(ż,t) = m + (na — m)ugrad(2 + vt — £) 


CL CL 
PERIODIC 
MEDIUM 
(CRYSTAL) “ . 
ni+nNna  N]— Ma — 
n(z, t) = 9 -. ap — 3  Hper(Omż m Wmt) n(z,t) — LM T du ll COS( Pin Z z Wmt) 


Ee EL) 


2/ 


y : 
1 ` 
| 
| | 


VTT 


Outline 





IV. Tools 








Special Theory of Relativity 


Definition: | “a 


Special relativity is the physical theory 
regarding the relationship 

between space and time in OBSERVER — > 
inertial (= unaccelerated) frames. | space 






/ PAST LIGHT CO ` 


Postulates: 





|. The speed of light in vacuum c = 299, 792.458 m/s = 3 x 10º m/s 
is the same (c) for all observers, 
regardless the motion of the light source. 


Il. The laws of physics 
are invariant (I.e. identical) 
in all inertial frames. 





Albert Einstein (1905) "Zur Elektrodynamik bewegter Korper", Annalen der Physik 17: 891; English 


translation "On the Electrodynamics of Moving Bodies" by George Barker Jeffery and Wilfrid Perrett (1923). 29 


158! Postulate = Lorentz Transformations of ST Variables 


Homogeneity of Space and Time (part. in 2 frames): 


0 oz’ 0 Oz Oz OZ 

— — — BB () — — — = 

Oz Oz Ot Ot Oz © Ot " |: — Az + Bt 
=> >> 

oo DA, ANL t = Oz + Dt 

dz Oz  OtOt öz “öt ` 





Relative Motion of Two Frames at Velocity v: 
z =0 > z = vt > 0 = A(vt) + Bt >| B = —Av | 


Neutrality of Direct-Inverse Transformation: 


inverse direct neutral x 
EN 1 A —B\(A BY\(z\_ (1 0\(z\ 3 AB-BD=0S|A=D 
1") AD-Bc|-c DJIC DJi4) \o 1/\t -0B+D?=1—|D?=1+CB| 
Uniformity of Speed of Light (c) : 
s earn 


| Az + Bt + ** 
= c — =o > Az + Bt = c(Cz + At) = A(ct) + Bt = clC(ct) + Atl +|B=2C| 
2 





RESULT: 


A D A’ n 
e TRE ya uni C 
VI-A 


1 


C D C" D” 


E. J. Rothwell and M. J. Cloud, Electromagnetics, 2nd ed. CRC Press, 2008. 30 





2nd Postulate = Lorentz Transformations of EM Fields 


Invariance of Laws of Physics in all Inertial Frames — Particularly Electromagnetics 


Maxwell Eqs in Laboratory Frame 














Maxwell Eqs in Moving Frame 








OB(r,t) OB’ (r’, t’) 
Rp = — / ol UN _ ) 
V x (r, ) dt V x E (r,t) Ot! 
OD (r,t (yl 4! 
V x H(r,t) = 5 | + J(r,t) VxH(r,t) = „e +J'(r,t) 
Ms Dir, t) — p(r, t) 
V - Bir, t) = 0 NI) + J(r,t), etc. 
2 9.0 
= Ox Ox! e = 
E O ð A ^f 
LO rr — | c* 
a Oy Oy 
= 0 00% 99V 9 vd 


D 0704 dd On Ve 
0 007 do | 2. 
oo ovo WA laz lae 










E'=ya -E+»8:-(cB) 
B'= 8-E+14 -(cB) J =a. 
cD! =7a@'-(cD)+78-H €? — (c 
H' = —48-(cD)+ya -H 






E. J. Rothwell and M. J. Cloud, Electromagnetics, 2nd ed. CRC Press, 2008. 


31 


Relation between Lab & Moving Direct & Inverse Frames 


Direct-Domain LT 


/ U 
Z = == 
C 





U 
ct — yet — y—z 
C 


Phase Conservation Direct-Domain ILT 
p = dy Z — "yz -r'^ywt 
U 
k,ż—wt=k z —wt t= yt’ + 137 


a (k! — k,7 + WY ) —t(w +k,yv-wy)=0, Vz,t 
C ss, 
er 


=0 
— 0 
Inverse-Domain LT 


Inverse-Domain ILT 


W W U 
k Ç +=) c =y ($ = zka) 
> = y e onn 
C 


C 


/ 
M (E tx) 
C C C 


Direct-Domain Frames 
ct’ ct 






C 

/ 
~n] z =0> ct = -z 
rs. 7 


* (here v « 0) 


U 
ct —0— ct — -z 
C 


Inverse-Domain Frames 


w /c wc 
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LORENTZ TRANSFORM 


Inverse: moving — primed 


Direct: lab — unprimed 


ct = yet + yB- r 


Summary Table of ST Lorentz Transformations 


Direct: r) ¿0 
dnb Vİ js E a p ), E, = E, 


= yz — y—ct 
C 
c? 
= y (H; + vE,) , H, = y (Hy 
de = Jx, Ji, = Jy, J. = 


= VE.) š H° mH. 


".E+78-(cB) 
CB! = —48-E+4a - (cB) 
7 (cD) 48. H 


E' — ya 


cD' = ya 


/ / 
z =Y2 +Yvt 


E — p (cB') 
cB = pă -E+ya (cB') 
cD = va -(cD’) — ^B .H' 

H=48-(cD')+4a -H 
J=a:J +78: (cp) 
cp — «(cp BJ) 


r=a-r+)Ba' 


B=v/c, B=v/c y= 


(y— 1)J, + yvp; co = (cp — 


SPACE 


= 7 B=. 
c? 


> " | | 
1 = = f Fo me D, = J WA + = He) TEA = De 

r hae C 
C 


Badz) 











Inverse: kf”, wt” 


VW 
ki = ykz = L _ 
w W u, E; = Fa {E} , etc. 
— = Z= = > 
C C 
k' =a:k- 18 | 
ai ak E —J,(E], etc. 
— — Pe — Y ° 
; vw 
kz — yk, 4 y—— | 
> E, = Fi (Es), etc. 
— A — + (KT 
) a z 
/ 
— =q1— +y8:k l 
i V È = Fu {E}, etc. 
k=a:k +78— 
YB 
BB U —p; Py 
B2 


>, s=I+(y-1), B=|f 0 Bs 
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Subluminal Step Scattering Coefficients & Frequency Transitions 





Direct Space (Coefficients) Um < C 
(Um < 0) 
Stationary-Interface BCs: 
E-E—Ej|, İz 
H; + H; = Hi| „o lly 





E, = 11) (Ez — veto Hy) 
H, — YL) (H; = Ure E, ) 





Laboratory Fields: 
BD. =] in1koz E. — —ınıkoz R, = inokoz 
ix — 1€ , Era — “ye ‚Dix — TE 


| Yo Po 
Hi, = ee Hy T e d Hy = — enakoz 
171 171 172 


to be evaluated at z' — zy — 0 = z = vt, Vt 
Scattering Coefficients: 


mom 1 — nivm/C 
m+n1+nvm/c 


27 1-nvwm/c 
m +n2 1 — novm/c 





Lorentz Field Transformations: 


Inverse Space (Transitions) 


w/c 


uw" fc 





Frequency Conservation: 


I —_ I —_ r — / 
W; = w, = W, = wj 


— =4(—--2k,), with k, =n— 
C 


"T naa Te" 
1 — nivm/C 


EE N2Um/C > 
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Field Continuity Relations at Space & Time Discontinuities 


General Requirement: All Quantities must remain BOUNDED. 


Spatial Step Discontinuity 


ct n(z) > u(z — 2) 





DUALITY 


qum 


Temporal Step Discontinuity 


ct n(ct) > u(t — t) 


G Ś 
ct u 
ni 
1 
Z 
oB 
E = — — 
V x =: 
OD 
H = — 
V x a; 


ad absurdum: 


lf E(tan) were space-discontinuous, 
E = u(z—2’)E, B= 6(z —2’)B: oo! 
Thus, one must have Eytan), H(tan) continuous 


and discontinuity can only be in B,D. 


If B were time-discontinuous, 
B = ulc(t —t’)|B, E = ó[c(t — t')]E: oo! 
Thus, one must have B, D continuous 


and discontinuity can only be in E, H. 


No need to invoke the 100 year-old Abraham-Minkowski controversy! 35 


Lorentz Transform Difficulty in Superluminal Systems 


Subluminal Case 
USE 





Uf = Um < C 
y 
B=v/c<l 


y 
l 


A 


v 0: purely spatial 


V 


Space-Like System ! 


Direct-Domain LT 


/ 


Uf 
o YE 
C 


ct' = yet ya 
C 
l 
É RZ" 
y 1 — 8? 
B = ve/c 


Superluminal Case 
Um > C 





Uf = Um > C 
4 
Des lG I 
4 


l O 


y= ——— ES 
\/1 — 82 
ve > 0: purely temporal 


Time-Like System ! 
36 


Superluminal Step Scattering Coefficients & Frequency Transitions 


Direct Space (Coefficients) Um 7 C 


Pure-Time-Interface BCs: 
D! + D! = D; 
B; - B, — B, 





1 pz 


0 NY 








U 
D, = Ya; (D« — 5H) 
U 
By = 0 (By - ZE) 
Laboratory Fields: 


Dis = 1e e De; = ( ef ko /nz)ct. Dex — śe *(ko/na)ct 


1 | | | 
Biy = Le Bey = $ gilko/na)et Bey = $ ¿—i(ko/na)et 
Th UE n2 
to be evaluated at t' 2 t4 — 0 = t — z/v, Vz 


Scattering Coefficients: 


r= T) — nam — C/vm 
21 N2+C/Um 


|. İp MM — C/Um 
M + M2 N2 — C/Un 





Lorentz Field Transformations: 


Inverse Space (Transitions) 


w' /e w/c 
Alma 
Wi 1/n> 
SA wt 
x k. 
ae "20 
Qu Lune No O k! 


Wavenumber Conservation: 
Ka = kyr = Ka = k;o 
Um LU W 
k = (k 2 ==) „ with k, = n— 


Frequency Transitions: 


1 Fum/en i 


o lI—um/enı 
o 1—um/en> ` 





3/ 


Coefficients for Opposite Incidence Directions 


Subluminal Case 
Solved Problem Problem to Solve Equivalent Problem 
ct ct ct 






T 


























mi 
Z 
cv n—oml-nvm/c ¿+ — 1 m/c | m-—n1+n20/c om — 1+n2%m/0 B 
T m+nmi+nıvm/c ` 1+mo/c ' T m+n1=n20m/c *  1—n230m/c ' 
" 209 l—mivy/c T" ei 1 = M1Um/C + . 21 1+nevm/c ro 1 +navm/C = 
M +Nnal-novp/c | 1 —navm/C ` ntmltnivm/e ` 1 4-ni1ug /c "i 
Superluminal Case 
Solved Problem Problem to Solve Equivalent Problem 
ct ct Ci 
di 
+ = m —n2 1 — C/Um ot = 1 — vm/cni + | _ m = nam + C/ Um a 1 + vm/cnq > 
271 Na+CJ/Um l 1+vm/cni ` 21 N2—C/Um i 1— vm/cn | 
" 29 Ni — C/Vm +  1-Wm/enı ı|,- 209 ny +c/Um L 1-+%a/eni _ 
ET <= —— ——I — F AO O“, = — K. = — — — &| => ———__&, 
m1 + 72 N2 — C/Um 1 —m/cn2 ” M + 92 N2 + C/Um | +vm/cna ` 
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Proposed Space-Time (ST) & Time-Space (TS) Terminology 


Subluminal System 





Limit: SPACE system 
U 


SPACE-TIME (ST) system 


Superluminal System 


ct CL 
c 12 
O e... A 
LOK Ag 
Uf TL] C 
Lom 
: 
L 
Ur / C 


Limit: TIME system 
U 


TIME-SPACE (TS) system 


Transfer Matrix Method (TMM) for ST-Multilayered Media 


ST Multilayered Structure Transition Matrix, T (here subluminal) 
ct ct 


V; — TAV, +; 
V; —'yaV; T TV; 





TL; : transition matrix z — 7 
5 | e V; | necant al: 
P; : propagation matrix 4 I — — | “%3 i d 
N Gl, gat CAI, 
M : transfer matrix: M = I] L EET Tji 
n=l 


Propagation Matrix, P 


Tu 
wi e^; U pi Eo p + 
Y; I, 0 edo; Y; A J JI 3 4 


4- 


depen, onus 
O e lvl, $j = (F + 6; )/2 
A MÀ/ 


Pj 
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TMM Analysis of Unbounded STM Crystals 


Structure & Parameters Dispersion Relation 





p= 1,2 
4 : di | + 4 Floquet-Bloch Theorem: 
P ^; me d; N GN W. = e! ? V, T 
Ag; = (07 — 6; )/2 w. — mo, (?|M-ef1l=o 
| - (= (65 +6; )/2 


Z 


o — QT — K, A; 


Unit Cell Transfer Matrix Dispersion Diagram A, — fi + ło 





] I " l us Tm dı + da 
WR=MWy, Wp, —| -|,WR=| > 
Vr Un 
e)^9? [a jb 
24214 1412 2Nn No E a 
n = gidi (2nına COS do EE i(n] + n3) sin $2) 
h Lg idi Qi - ROC L mo) sin do 
nem NL (ri — ma- m) sin Qo A 





unitary & PJ — symmetric matrix | 


K 
(MO-A2.1A.3, Marina III) “ 
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VI. Applications 





Reflection (Modulated Pulse) Thin Slab 





Stationary slab Moving slab (subluminal) 
Euclid, 300 BC Einstein, 1905 










Temporal pulse 
Morgenthaler, 1958 


Superluminal pulse 
Deck-Léger and Caloz, PRB 97, 104305, 2018 


JL 





c < |u| < 00 : 0<0, <0; 
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Oblique Incidence using Minkowski Diagram (2+1D) 


Direct Space Inverse Space 
Minkowski Simplified 2D representation 
cut planes for fixed k, 8 0, 
(narmonic wave) w/c 


w/c 





l, = const. 


Plane-Wave Incidence W = const. 


under angle 0, = sin-'(k /ko) 





n 


phase matching: k, = const. 


CL 








exercise: graphically derive the reflected 
and transmitted waves for v,, = 0. 44 


Subluminal Reflection Scanning Law (Einstein) 


fixed k, > Hyperbolic Dispersion 





Um 
Space-like: Aw’ = 0 > <1 (Um <0) Scanning Law 
| 2 /2\ _ 
wie w/c en (1 + vf, /c ) INT. 
1 — 2um/ccos 6; + v2, /c? 
1 — 2v,/ccos 6; + ví, /c* 
Wr = Wj 
1 — v2 /c? 
e d 
k Um 
Um T 
Kei = Koy © Ra " 04 
0; ki 





Deck-Léger and Caloz, PRB 97, 104305, 2018 45 


Superluminal Reflection Scanning Law 
fixed k, — Hyperbolic Dispersion 
Time-like: Ak’ = 0 îm >] (Um < 0) Scanning Law (same form!) 


cos 6; (1+ u4,/c*) — 2um/c 


| w/c 0. = ie S 
“fe T 1 — 2Um/ccos 6; + v? /c* 


1 — 2um/ccos 6; + v2, /c? 
Jp = Qi —— —  — 
1 — v2 /c? 


LE 





Um T 


Deck-Léger and Caloz, PRB 97, 104305, 2018 i 


Spherical Wave Reflection by ST Pulse 


Subluminal Pulse — Hyperbola Superluminal Pulse — Ellipse 


ct 
ct 





Divergence: Diffraction Convergence: Focusing 
47 


Shifted Focusing by Superluminal ST Pulse 


Temporal Slab — Focusing 





Fink, 2016 





Superluminal Pulse — Shifted Focus 


Deck-Léger and Caloz, PRB 97, 104305, 2018 48 


Inverse Prism Concept 


Prism Inverse Prism 


z = zox) 7 7 zolz) 
a a 





DUALITY 


=> 


en | ae 
T prism J prism 





Spatial Symmetry Breaking: Temporal Symmetry Breaking: 
n = n(r) n — n(t) 

Temporal Frequency Dispersion: Spatial Frequency Dispersion: 
n = n(w) n — n(k) 


A. Akbarzadeh, N. Chamanara and C. Caloz, Opt. Lett., 2018. 49 


Prism & Inverse Prism 


Prism 





1 k—all w’s 


k(w) 


in Action 


inverse Prism 


1 w — all k’s 


| 
w(k) 


Inverse Prism Space-to-Time Decomposition 
An(t) to Unaxial Medium Scattered Frequencies (Ak = 0) o(0;) 


kN" (kV 
wi =€ t3 + (=) = ywé + wé = const. 
ni 


ni 


wè = C SI — (E) = (24) ya pie 
TET LET (6) G) 





L,Y, Z 





Angle-Dependent o o Birefringence œ “Snell Law” Analogy 
Z 





Inverse Prism Lissajous Polarization 


Polarization BEFORE Discontinuity Polarization AFTER Discontinuity 
Ey = cos(wit + Di) Ey — İş cos(wst + dy) 
E, = cos(wit + d) E, = Tpcos(wpt + Oz) 
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Space Crystal 


Structure (Direct Space) 
ct 


A: period 


—> 


ILI 
Ni 





Properties 


> Also 
2D (5 Bravais lattices) 
& 3D (14 lattices) 
> Energy conservation, 
Momentum non-conserv. 
> Gaps: attenuation 
> Gap positions: horizontal 
> Also X-ray crystallography 


C. Kittel, Introduction to Solid State Physics, 8" ed., Wiley, 2004. 


— Conventional Photonic Crystal 


Dispersion Diagram (Inverse Space) 


empty lattice 
approximation 


gap A 
centers N | X CX SUAM 
A 
phase JAN AN ⁄ N Le 


matching + 





27 / À 
© ill e Scattering (20-Cell Truncation) 
= = 20. nı = L na — 1: 0, 
eno Ay = 7/2, Az =1/2m> 


Bragg condition: 


Quc,n 


— Din + Pon 
= kinAi + kon A9 
1 = (2n + 1)r 


| l 





J. D. Joannopoulos, S. G. Johnson, J. N. Winn and R. Meade, Photonic Crystals, 2^? ed., 2008. 99 
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Subluminal (or Space-Time) Crystal 


Structure (Direct Space) Dispersion Diagram (Inverse Space) 


ct w/c 


ct w/c 







' A: A:S-périod SS Li 


| 27 £] | / w dè ⁄ k' 
A4 p 2 A A 2 
y ^: 2 | #4 NZ LA 
y X v/c 


4 LACT:T-period gap Ar JA 
2 AN y A pero centers” | 
DY Z Xy 












- |^ f2n/cT 
do J matching 9, JA 
Properties Scattering (20-Cell Truncation) 
N= 20, nı = 1, na = 1.5, 
Also 2+1D & 3+1D: v/c=05, Aa = gi (14 22), Aa — (1 + 222) EE 
ongoing studies | pau | Bragg condition: 


Energy non-conservation, 
Momentum non-conservation 


Quc,n = Pinten = (2n+1)7 





u | 0.6 _ Em 
Gap positions: oblique, Pin I 
| < 7/4 0.4 _ _ 
i SEE w | ky Ain + Windin 
2D-3D diffraction 0.2 D 
(scattering divergence) ? me Cp absorption! CZE 
Acousto-optic devices X Um / Vin e. CD. | ¢ 


Z.-L. Deck-Leger, N. Chamanara, M. Skorobogatiy, M. G. Silveirinha, and C. Caloz, arXiv, 2018. wi / C 54 


Opposite Interferences in Space & Subluminal Crystals 


Minkowksi Isophase (crests-troughs) Trajectories 


Empty Lattice Approximation 


PURE SPACE SUBLUMINAL 
ar os) pe Mg ya AE A A 
Ni + Niz Ni + Nisi Ni +ni1 1+n,0/c Ni + Miza 1—n110/C 


constructive destructive constructive destructive 





^ 
^M 
kJ 
` 
` 
` 
T 
"n ` 
"n 
LT 
LI 
% 
“a 
` 
` 
c 
` ` ` 
^ ` ` ....... .... 
` ` ` 
` ` ` 
` ` ` 
K ` ^ 
` ` ` 
` ` ` 
` ` ` 
` ` ` 
` ` ` 
` ` "^ 
` ` 
` ` 
` ` 
` ` 
` ` 
` ` 
` ` 
` ` 
` 
` 
` ....... 
` 
` 
` 
` 
` 
` 
` 
` 
` 





Ay Ao Ay 
2 2 


R constructive > T destructive (here) 


R destructive = T constructive 
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Time Crystal 





Structure (Direct Space) Dispersion Diagram (Inverse Space) 
CL w/c gap 
'  /cenjérs 
- ANY ARA 
Jer period 4 | XX D 
, no | m oe 127; od 
1 matching DOU Ap perio 
kz 
Properties Energy Pumping Scattering (20-cell Truncation) 
N=20, m=1, nə=1.1, 
> Only al TN Z vle=oo, Ti=7/2, Ta = zi 
1 lattice type ! Bragg condition: 
> Energy non-conservation, «w E w Quc,n = Pı + $2 
Momentum conservation lm = Wi + was 


> Gaps: amplification FS N uy | 
w . pumping. V= Q 
> Gap positions: vertical AN VAN 


>» Wilczek 2012 





Superluminal (or Time-Space) Crystal 


Structure (Direct Space) 





Properties 


> Also 2+1D & 3+1D: 
ongoing studies 

> Energy non-conservation, 
Momentum non-conservation 

> Gap positions: 
oblique, s > 1/4 

> 2D-3D focusing 

> New devices 








Dispersion Diagram (Inverse Space) 


WC ,, 4, gap 
W / C/' , centers 


/ / 
/ / 


^ / 
/ 
27 /cT ^ "n 


Li ( / 
phase Z 


matching 94 /A kz 


Scattering (20-cell Truncation) 





Aj = l, ng = LL 
Ti — 35. (à + 2/0), 15 = ns (2 T c/u) ERIT 


Bragg condition: 


Quc;n == Pinton — (2n+1)7 


T P + P 
- ki „An — Wi n 4 


) 1, 
Pin — ss 


= P = F 
ki nn + Wy nt 


ln 


1 2 3 4 


Z.-L. Deck-Léger, N. Chamanara, M. Skorobogatiy, M. G. Silveirinha, and C. Caloz, arXiv, 2018. wi /C 57 


Same Interferences in Time & Superluminal Crystals 


Minkowksi Isophase (crests-troughs) Trajectories 


Empty Lattice Approximation 


SPACE SUBLUMINAL 
Pe 2 e = Na on ę = MF nam — c/v 
no İnş ' no 2n» — 2n2 na+c/v' © Ona n3—cfv 
constructive constructive constructive constructive 








R constructive > T constructive (here) ~ two-way amplification 
R destructive — destructive T y amp 
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Outline 
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Potential Applications 


with New Features or/and Enhanced Performance 


Amplifiers 
% Parametric (luminal) 
*  Sub/Super-Luminal 


*  'Filplifier" 


Matching Networks 
+ Beyond Bode-Fano Limit 


+ 


* 


4 


+ 


+ 


+. |nstantaneous M-Network 


4 


Filters 
%  Absorptive 
% Amplifier 


Frequency Multipliers 


+ 


4“  Harmonic-free 


e, 


High Efficiency 


+ 


*  Efficiency-unrestricted 
Mixers 
*  Spurious-ess 


+ 


s Fresnel Type 


Pulse Shapers 


* Extreme Compression 
e 


Arbitrary Shaping 


Isolators (Magnetless) 


e, 


* Cascaded-Discontinuity 


Oblique Gap 


Circulators (Magnetless) 
% Also 3D 


Antennas 


+ 


«*  "Mixenna" 


+ 


+ Leaky-wave Transceiver 


Sensors & Imaging Devices 
Time Reversal 


+ 
+ 
+ 
w. 


ST Spectrum Sniffing 


Radar 


+ 


Jamming 
* Counterfeiting 


+ 
y? 
+ 
+ 
+ 
+ 


Resolution/Efficiency 
Enhancement 


Communications 


+ 


*  SI-Dispersion Coding 
% Frequency Hoping 
* BER Reduction 


+ 


Signal Processing 

% Pulse Shaping (passive a ST) 
% Real-time Processing 

*  Meta-computing 


State Squeezing 


+. Bunching 


e 


RA 


+ Noise Engineering 


RA 


* Quantum Processing 


Inverse Scattering 


+ 


% Tomography 


+ 


* Holography 


Radiometry & Interferometry 


Space-Time Cloaking 


Smart ST Metamaterials/Metasurfaces 


Suggestions? 
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Matching Beyond the Bode-Fano Bound 









Bode-Fano Bound [1,2] 
> Broadband matching 


Lossless 


: ; matching 
> Linear, Passive, Time-Invariant system twon 
> Matching — Bandwidth tradeoff: 


[ se eo < Mm 


Switching, i.e. Time Variance (oo BW!) [4] 














[1] H. W. Bode, Network Analysis and Feedback Amplifier Design, 1945. [8] D. M. Pozar, Microwave Engineering, 4" ed., 2011. 
[2] R. M. Fano, J. Franklin Institute, vol. 249, Jan.-Feb. 1950. [4] A. Shlivinski and Y. Hadad, arXiv:1805.03704v1. 61 


Harmonic-Free/Efficient/Agile Frequency Multiplication 


Principles & Fundamental Bounds [1] 
> 2-port mmw-THz generators based on NL element: vout (t) = ao + a1vin(t) + agave, (t) +... 4 Wout = min 


> Conventional Types — Time-Invariant (Fourier behavior): 


1. reactive diode: Manley-Rowe Relations [2]: w1, w2 > wmn = Mw + nws (n E Z) 
varactor & SRD, o° © 

















small loss, > mm = 0, ... = = harmonics 1 
Mie = 100% ba n muy + Nu Pio open/short 
2. resistive diode: Pantell Relations [3]: 
Schottky, > > harmonics 1 
nonlinear I-V, > > m2P > 0 > < mE 
lower T, but higher BW İN WA Pio open/short m? J. Park et al., J. Electromag. Engr. Sci., 14(1), 2014 
3. transistor: T=2r/w h | 47 cos(mar/T) I Ir 
e.g. FET: iy(t) = cos(rt/r)U(t/r) 3 Ip, ee aa 
a BJT, 5 ial | (7 “a ( IT) open /short “a 1 — (2mr/T)? ^ m? mi 
n ; 
lower Ppç 
Switching (Time-Variant) Multipliers Implementation Example [4] Future 
+4, PO 
© No spurious harmonics “ 4° slide 34 | Loman 
I o 2 . Plasma Collapse 
© Unrestricted efficiency "NC: NL Š o. E 


© Arbitrary/anharmonic jumps: 
w > aw (a = n;/n2 € KR) 





400 600 800 
Ke FREQUENCY (GHz) 


1000 1200 





[1] D. M. Pozar, Microwave Engineering, 4t ed., 2011. [3] R. H. Pantell, Proc. IRE, 46(12) 1958. 
[2] J. M. Manley & H. E. Rowe, Proc. IRE, 44(7) 1956. [4] D. K. Kalluri & R. K. Lade, IEEE Trans. Plasma Sci., 40(11) 2012. 62 


“Perfect” Mixing 


Conventional (Time-Invariant) Mixers [1] 
> 3-port frequency converters based on nonlinear element: Win 1— Wout = Win 1 E Win? 
> up-conversion (IF x LO — RF) or down-conversion (RF x LO > IF) 
Vin,2 


> types: single ended, balanced 90°/180°, double-balanced, image-reject 


> issues: intermodulation products ma, + na,, conversion loss (Manley-Rowe & Pantell), image freq. 


Dispersive Background Medium [2,3] Asymmetric Background Medium [3,4] 
n(x,t) = no(w) [1 + M cos (wmt — Bm2)| n(r,t) = no(ż) [1 + M cos (umt — Pm2)| 


Aperiodic bandgaps 


Pk a 





| Output (dBm) 
—sr s F 


3 | 
5 | I 
da de —— 
Es a ml WE 
No propagating mode 
for transition 





- | -Periodic mod. 
==@— Aperiodic mod. 






non-dispersive dispersion engineered 
intraband transitions intraband transitions 





5 a e e * | 
> de W ` 
- ` ` 
ne m - 


Grounding pla 


w/c 





Grounding plane GENE ` 
* ^ 





; — 
"varados 


U 2.5 


o/(2 z) x10 


[1] D. M. Pozar, Microwave Engineering, 4th ed., 2011. [3] N. Chamanara, Z.-L. Deck-Léger, C. Caloz, D. Kalluri, PRA, 2018. 
[2] N. Chamanara and C. Caloz, URSI GASS, 2017. [4] S. Taravati, PRB, 97(11), 2018. 63 


Absorptive Filtering 


Conventional Filters [1,2] 


1D Subluminal ST Crystal [3] 


> 100 years of history (Campbell, 1910) 





> Periodic, image  insertion-loss, coupling 


» Quasi-exclusively reflective — interferences 





Na] d À M] Mene c [M 


















Pout mn] |M] = [P,][P12][Pa][T»1| 
Dispersion Diagram (o structure) [3] Scattering Response [3] 
wr id po N = 20, ni = 1, o = 1.4 
k | — € m p = KpAp QBiB v/c= — 0.2, A, = = 1/4m, Ag = — 1/4na 
out in À y VU m 
Op /c ona in-gap absorption èl T | | stop band: 
0.6 
|R| x 1/(v/c) 
0.4 | 
Next step: 
0.2 | IR] ST (nonperiodic) 
| | prototype functions 
ba O enman N! N | Aaa, ^ 
: AW X Um /Vin 0 02 04 06 08 A 12 
| fA/c 
[1] G. Matthaei, E. M. T. Jones & L. Young, Microwave Filters, [2] R. J. Cameron, C. M. Kudsia & R. Mansour, Microwave Filters, 2018. 


Impedance-Matching Networks, and Coupling Structures, 1980. [3] Z.-L. Deck-Léger et al., arXiv, 2018. 64 


Extreme Pulse Compression 


Pulse Compression Applications Conventional Photonic Technique [1] 
> Resolution maximization in AM e | 
* Pulse Communications (e.g. PPM) A ye 
TP É 


% 


+ Radar 8 Sonar 


QPM (-) 


+? 


* Imaging 


QPM-: Quadratic Phase Modulator 
— x exp(ict^) = —chirp (ramp) w(t) = —Ct 


% 


+ Light-matter 


(Time-Variant operation: alters spectral width) 





Interaction 


| GVD+: Group Velocity Dispersion 
(e.g. atto-photonics) 





x exp(—i¢r?) = +chirp (dispersion) w(r) = +¢r 


ST Compression Principle [2] 


n(ż, t) 





no = 1.5, M = 0.0133, D/Ag = 540 e ai bla e) ee ho e e 


n(t; zo) E(t; zo) 





U 10 20 EI 40 s o 


2/ Na 





Z 


[1] B. E. A. Saleh & M. C. Teich, Fundamentals of Photonics, 2" ed., 2007. [2] N. Chamanara & C. Caloz, arXiv., 2018. 65 


Noise Squeezing 


Concept [1,2] Applications [1,2] 


> Origin in Quantum Physics e High-precision measurement (e.g. gravitational waves) 
+ Squeezed states of light e Radiometry & calibration of quantum efficiencies 
* Uncertainty trade-off * Entanglement-based quantum key distribution 


€ « Communications 






coherent state (displaced) 


Bright 
laser field 


N 

E 
> 
v 
c 
U 
= 
o 
w 
ES 

LL 


£ phase squeezed state ë Squeezed [| SE 
vakuum i 


LM z À 5 L Polarising 
ki beam splitter 


a 
Ü Y Photo diode 





ST Squeezing Proposal [3] Effect on Wave [3] IQ Perspective 


n=1.50, M=0.000000, N-points=1000 


no = 1,5, M = 0.0133, D/Ão = 19.0 





Extended Pulse Compression Concept 4 


0.75 





0.00 


n(t; zo) phase squeezing E(t; zo) Şi 
































—0.25 
` -0.50 t 
: I 
a | 1 
^ 3 nio 2 1,5,M z 0.0133, D/Ao = 19.0 
e à Xp V2 : f 
A ATW M dis ER PEZ NOE eal ni | n=1.50, M=0.010000, N-points=1000 
REZ TT = Sa 1 "ART, - u DA | 
we | a Ven 
di I SE N 
sE = o 
I I I I 
b od kou 14 
I I I I | T 
I I I i i I I -2 | 2 
° e e e i 
amplitude squeezing — relative shift a — 





5 25 Z À 
[1] M. C. Teich and B. E. A. Saleh, Squeezed State of Light, J. Eur. Opt. Soc., 1989. / J 
[2] https://en.wikipedia.org/wiki/Squeezed states of light. [3] N. Chamanara & C. Caloz, arXiv., 2018. 66 


Time & Space-Time Pulse Shaping Metasurfaces [1,2] 


TIME PULSE SHAPING (t) — Susceptibility (y) Temporal Modulation 


A. Time Derivation B. Time Reversal 


4 4 
3 3 
2 2 
1 1 
O 0 | | 
A —1 
a Xee = 
= —3 
ds 5 10 15 20 25 0 10 20 30 40 50 
ct ct 


SPACE-TIME PULSE SHAPING (t,k) — & Susceptibility (y) Spatial Modulation 


N 


Addition of Generalized Refraction Full-Wave Demonstration of B’ 





[1] K. Achouri, M. Salem & C. Caloz, IEEE Trans. Antennas Propag. 57(12) 2015. 
[2] N. Chamanara, Y. Vahabzadeh, K. Achouri & C. Caloz, IEEE AP-S 2016 and arXiv:1602.04346. 67 


Magnetless Isolation (Nonreciprocity) 


Continuous-Wave Regime Pulse Regime 
based on Asymmetric Gaps based on Cascaded S-T Discontinuities 
R — ner (r, t) Nper(r,t) = no[l + M cos(kmz — Wmt)] T step: Wi _ Moog aa Kiki M 
ha ct Wi Mi+1 ki Mi+1 
> am am 
—— — NNNN 3 
3 










excited N. 
from right N 





to matched 


RF bias 
load 


ground varactors 
Pass Direction 













backward i | forward — 

m —10 arad foe ee UE m - EN) | un EO E 
o $ | 
ee ne Zr aries 
E E 

A A A n. ee e csi. - 4. 

“02-10 12 <=. =f O0 1 2 

(w — wo) /wm (w — wo) /wm Pi : wi, ki Po : 022, ko 


[1] N. Chamanara, S. Taravati, Z.-L. Deck-Leger & C. Caloz, Phys. Rev. B, 


96(15), 2017. [2] C. Caloz, N. Chamanara, Z.-L. Deck-Léger & G. Lavigne, arXiv. 68 


Magnetless Nonreciprocal Metasurfaces 







Isolation [1-3] Circulation [4] 


Port 3 (w9) Port 1 (w1) Port 2 (w2) 
S34 
NE Z 


ZJ 


Time-Reversal Symmetry Breaking 


n(r,t) = no[1+ M(z,y) cos (Qt — $(z,y))| 


WI Port 1>2 


5 + ^ I 54 
s| 


L BE q 
| | E | 
= 
E ' 
A A. 0 5 0 
Le | | 
-0.4 





y (um) 








WA Port 23 





0 0.4 BT + 5 54 
K (x/a) n 


No conversion 


y (um) 


Modulation 


y (um) 





















| 4 

















11) WI 2) w > > 
N = 
metasurface Kms OMS x MS Kms metasurface X dii, elli 5 0 
n(r,t) — no |l 4- M cos (wat — Byz )| x (um) 
[1] A. Shaltout, A. Kildishev, and V. Shalaev, Opt. Mat. Expr. 5 2015. [3] Caloz & al., arXiv:1804.00235 2018 


[2] Y. Hadad, D. L. Sounas, and A. Alu, Phys. Rev. B 92 2015. [4] Y. Shi, S. Han & S. Fan, ACS Photon. 4 2017. 69 


Leaky-Wave Antenna Transceiver [1] 





LWA Structure 












Receiver port: 
Wr = Ws + Wm 
Br = Bs + Bm 


Ws = Wr — Wm 
Bs — Br — Bm 
P 


Array of 
grounding vias 


Transmitter port: 
Ws, Bs 


RF bias out 


RF bias in: wm 


Prototype & Experiment 





DC supply 


GW GPS-3030D 
(varactors bias) 





i hed | 
anal ne 5 Detek y ME SERMO 

ARA in) ATM B220H (modulation out) 

pla spectrum analyzer 

S-T modulated -m—>»— R&S FSIQ-40 
signal generator LWA (RX output) 
Agilent E8257D S 

(TX input) NSE 


spectrum analyzer 
Agilent E4440A 


rotating (far-field) 


reference patch antenna 


[1] S. Taravati & C. Caloz, IEEE Trans. Antennas Propag. 65(2) 2017. 


Equivalent System 


reference antenna, f, 
Port-3 


À. 
Pos 
P 
P, 


Pı3 


Antenna 


TX, fo 


P32 
Port-1 


RX, fo 
Port-2 










Mixer Mixer 
Output | 


3 Input Output 


Circulator 







Local Local 
oscillator 


oscillator 


ref. ant., 
fi = fo + fm = 1.88 GHz 
Port-3 
#7 C 
| Ps 
uplink 
TX 
Port-1 
excited at fo = 1.7 GHz 
0 














simulation, 
far-field at fi 





LO-RF isolation 0 


measurement at 
Ref. port at f; 


Oblique (ST) Transitions 


Dispersion engineered 
Radiation region first higher-order 


-leaky-mode 








No mode w = fc 
for transition Up-link La air line 
S-T transition 
X > 
OS quasi-TEM, 
A guided-mode (RF bias) 
> 
z Down-link 
Aw = Wm S-T transition 
AP = Pm . 
' 8 
—B, —Bs Be Br 
ref. ant. 
excited at f; — 1.88 GHz 
Port-3 
p' ON 
downlink 
Fio Pe, 
RX TX ` RX 
Port-2 Port-1 Port-2 


fo = fi — fm = 1.7 GHz 







oc LWA length 


measurement at 
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L STM Metamaterials 
> Space-Time: relation with Theory of Relativity 





> Rich & beautiful generalization of metamaterials 





> Enabled by emerging micro/nano/bio-technologies 
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L Fundamentals of STM Scattering 
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> Extended Minkowski diagrams 
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